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Abstract
The structural, optical and morphological properties of amorphous Ge100−xMnx films
deposited by conventional radio frequency sputtering were investigated in the 0 < x < 24 at%
composition range. After deposition, all films were submitted to isochronal thermal annealing
treatments up to 600 ◦C and analysed by x-ray diffraction, Raman scattering, optical
transmission spectroscopy and scanning electron and atomic force microscopy techniques.
Based on the present experimental results, it is possible to affirm that (a) with no
post-deposition treatment, the films are essentially amorphous and the Mn atoms were
effectively and controllably incorporated into the amorphous host; (b) Mn species induce the
crystallization of the amorphous Ge100−xMnx films at temperatures that depend on the Mn
concentration; (c) after crystallization, the ferromagnetic Mn-rich phase Mn5Ge3 was found in
films with the higher Mn contents; (d) at these higher [Mn], the thermal treatment induces the
development of nanoparticles (typically ∼50 nm high and ∼250 nm large) homogeneously
distributed on the surface of the films and (e) the optical properties of the films are notably
affected by the insertion of Mn and by the temperature of thermal treatment.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
The concept of a ferromagnetic semiconductor, which is
anticipated to combine semiconductor and magnetic material
properties in a single device, is attracting considerable attention
in recent years. Accordingly, the development of compounds
with these characteristics, the control of their properties, and
Curie temperatures around room temperature are expected to
be accomplished in the near future. The experimental research
in the field of magnetic semiconductors was stimulated by
the prediction of a high Curie temperature of group IV-based
magnetic semiconductors [1]. Within them, germanium
occupies a privileged position because of its compatibility
with the current Si-based processing technology and higher
hole mobility. Ferromagnetic Ge-based compounds, such
as GeMn for instance, were synthesized only recently by
using the molecular beam epitaxy technique, but the Mn
1 Author to whom any correspondence should be addressed.
concentration is usually low and its distribution tends to be
inhomogeneous [2–9]. Convenient experimental approaches
that increase the metal solubility in semiconductor hosts
consider the synthesis of an amorphous phase [10–12] and/or
low-temperature [2, 4, 5, 7, 9] deposition methods. Despite the
advances achieved in the area, the role of phase separation and
its relationship to the ferromagnetic properties of GeMn is
still under discussion [6–8, 10, 13–16], reinforcing the need to
understand the real effect of Mn on the structural-electronic
properties of this material.
In previous reports we have described the systematic
investigation of Si100−xNix films prepared by the cosputtering
technique [17–19]. In this case, the use of a Si target partially
covered by small pieces of Ni metal allowed the controllable
insertion of Ni which was homogeneously distributed along
the Si network. Even though the samples prepared by
(co)sputtering are generally amorphous, thermal annealing
treatments can produce their effective crystallization, which
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is usually probed by x-ray diffraction or Raman scattering
measurements. Whereas the former can address the question
of phase formation, the latter can provide useful information
concerning the structural atomic (dis)order. Likewise,
morphological analysis based on microscopy techniques and
optical spectroscopy can contribute valuable details.
Driven by the above facts, this work reports a systematic
investigation on Ge thin films containing up to ∼24 at%
of manganese. The films were prepared by cosputtering
and analysed by x-ray diffraction, Raman scattering, optical
transmission spectroscopy and scanning electron (SEM) and
atomic force microscopy (AFM) techniques. Within this
context, the effect of increasing Mn concentrations as well as
the influence of thermal annealing on the optical–structural
characteristics of the Ge100−xMnx films are presented and
discussed in detail.
2. Experimental Details
Thin films of amorphous (a-) GeMn were prepared by radio
frequency (13.56 MHz) sputtering a crystalline Ge target in
an atmosphere of pure argon. The controlled inclusion of Mn
into the a-Ge network was achieved during sample preparation
after positioning suitable pieces of metallic manganese onto
the Ge target [17]. By simply varying the relative Mn-to-Ge
target area such a procedure allows the accurate control of
a uniform Mn concentration into the samples, which was in
the ∼0.1–24 at% concentration range. This variation of three
orders of magnitude in the Mn concentration was chosen on
purpose to explore both the Mn-doping effects and the Ge–Mn
alloy range. For comparison reasons, one Mn-free a-Ge film
was also prepared under identical nominal conditions. The
composition of all films was determined by energy dispersive
x-ray spectrometry (EDS) data obtained from a 20 kV electron
beam impinging on a ∼100 µm × 100 µm sample area. The
films, typically 1700 nm thick, were deposited onto crystalline
(c-) quartz, c-Si and glass substrates kept at 150 ◦C during
deposition.
After deposition the films were submitted to cumulative
isochronal (15 min each) thermal annealing treatments at TA =
200, 300, 400, 500 and 600 ◦C under a continuous flow of
argon.
The atomic structure of the films was investigated by
Raman scattering spectroscopy and x-ray diffraction (XRD)
experiments. The Raman measurements were carried out
at room temperature and employed a HeNe laser (632.8 nm
wavelength) in the backscattering geometry. Sample areas of
typically 1 µm2 were analysed using an average power density
of ∼200 µW µm−2. The XRD experiments were performed
in a θ–2θ geometry (20◦–90◦ range), with a continuous scan
rate of 1◦ min−1 and Cu Kα radiation. Finally, the surface of
the films was investigated by SEM and AFM, and their optical
properties examined by means of transmission measurements
in the near-infrared range.
3. Results and discussion
According to the EDS measurements, the Ge100−xMnx samples
have the following manganese concentrations: 0.0 (Mn-free),
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Figure 1. Energy dispersive x-ray spectra of two as-deposited
GeMn films: Mn-free and [Mn] ∼24 at%. The main x-ray emission
lines are clearly indicated in the figure. The inset shows the
measured [Mn] as a function of the Mn target area employed during
deposition. The dashed straight line in the inset is just a guide to the
eye.
0.1, 0.3, 1.2, 3.7, 15.4 and 24.0 at%. Figure 1 shows the EDS
spectra of two Ge100−xMnx films, as-deposited, with x equal
to zero (Mn-free) and ∼24.0 at%. The main x-ray emission
lines are identified in the figure. The Mn concentration of
the whole series, as obtained from EDS measurements, is
presented in the inset of figure 1 as a function of the Mn
sputtering target area employed during deposition. As can
be seen, the Mn atoms were successfully incorporated into
the Ge host, and the Mn content was found to be directly
proportional to the area covered by manganese. Considering
that all samples have been prepared under an atmosphere of
argon, small amounts (2 at%) of this element can be found
embedded in the a-Ge host.
The XRD pattern of a Ge100−xMnx film containing
∼24.0 at% of Mn, and thermally annealed up to 400 ◦C,
is shown in figure 2. For comparison purposes, the
diffractograms of as-deposited films, Mn-free and with
∼24 at% of Mn, are also shown in the inset of figure 2. The
broad and featureless XRD patterns typically observed in the
as-deposited films (inset of figure 2) indicate that they are
always amorphous. After thermal annealing at 400 ◦C, in
contrast, the sample containing [Mn] = 24.0 at% exhibits
narrow and well-defined diffraction peaks associated with
the presence of Ge crystals and with the Mn5Ge3 germanide
phase, at different crystallographic orientations. Actually, the
Mn-rich Mn5Ge3 phase is known to be ferromagnetic with
a Curie temperature TC = 296 K [16], suggesting that the
present Ge100−xMnx films are promising candidates to display
magnetic behaviour.
The effect that both Mn insertion and thermal annealing
have on the structure of the present Ge100−xMnx films
is clear from figure 2. Their structural characteristics
were further investigated by means of Raman scattering
spectroscopy and the main results are displayed in figure 3.
According to the Raman results, the broad scattering signal
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Figure 2. XRD pattern of a Ge100−xMnx (x = 24.0 at%) film
thermally annealed up to 400 ◦C. The diffraction peaks due to
crystalline Ge and to the Mn5Ge3 phase (as well as their
corresponding crystallographic orientations) are indicated in the
figure. The peak at 2θ ∼ 32◦ is due to the crystalline Si substrate.
The inset shows the XRD patterns of the Mn-free and Ge100−xMnx
(x = 24.0 at%) films, as-deposited.
at ∼270 cm−1 indicates that the as-deposited Ge100−xMnx
films are essentially amorphous [20], regardless of their Mn
content. The development of Ge crystallites, as evidenced by
the signal at ∼300 cm−1, takes place after thermal annealing at
500 ◦C in the Ge100−xMnx samples with x  3 at%. Samples
with lower Mn concentrations ([Mn] = 0.0, 0.1, 0.3 and
1.2 at%) also crystallize, but only after annealing at 600 ◦C (not
shown).
The Raman peak due to the transversal-optical-like
(TO-like) phonons present in the germanium films can be
fitted with three Gaussian functions corresponding (see inset
of figure 4): (a) to the amorphous contribution (centred at
∼270 cm−1), (b) to Ge crystallites of small size and/or to the
amorphous–crystal interface (at ∼290 cm−1) and (c) to the
presence of Ge crystallites (at ∼300 cm−1). The ratio between
the integrated areas of these three different contributions
provides a good estimate of the crystalline character of the films
and has been considered in detail in the analysis of the present
Ge100−xMnx samples [20]. The main results of this approach,
entirely based on the experimental Raman spectra, are shown
in figure 4. The data of figure 4 are representative of all samples
considered in this work and demonstrate the influence of
manganese on the crystalline fraction and crystallization onset
(or minimum temperature required to start crystallization) of
the Ge100−xMnx films.
Based on figure 4, as well as on the Raman results of
the whole series of Ge100−xMnx samples, it is evident that
there is a systematic decrease in the crystallization onset
with the increase in the manganese concentration. Strictly:
the samples containing 0 (Mn-free), 0.1, and 0.3 at% of Mn
crystallize only after annealing at 600 ◦C (not shown), films
with [Mn] = 1.2 and 3.7 at% crystallize at 500 ◦C, and
films with the highest [Mn] (15.4 and 24.0 at%) crystallize
at ∼400 ◦C. Such behaviour is known as metal-induced
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Figure 3. Raman spectra of (a) as-deposited and (b) thermally
annealed (up to 500 ◦C) Ge100−xMnx films. The Mn contents are
indicated in the figure. The Raman contributions at approximately
270 and 300 cm−1 (corresponding to the first order Ge-related
transverse-optical-like phonon modes) indicate the presence of
amorphous Ge and Ge crystallites, respectively. The spectra have
been normalized and vertically shifted for comparison purposes.
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Figure 4. Crystalline fraction (as estimated from Raman analyses)
as a function of the annealing temperature of Ge100−xMnx films:
without Mn (Mn-free) and containing 3.7 and 24.0 at% of Mn. The
lines joining the data points are just guides to the eye. The inset
displays the Raman spectrum of the Ge100−xMnx film with
[Mn] = 24.0 at%, after annealing at 500 ◦C, and its three main
contributions: amorphous (at ∼270 cm−1), due to small crystallites
and/or interfacial effects (at ∼290 cm−1), and relatively large Ge
crystals (at ∼300 cm−1).
crystallization (MIC) and has been widely verified in various
Si- and Ge-based amorphous films [20]. The mechanisms
behind the MIC phenomenon can be due to chemical and/or
mechanical character, although structural rearrangement and
some atomic diffusion due to thermal annealing (especially
at high temperatures) can contribute to the crystallization
process.
The crystallization of the Ge100−xMnx films is accom-
panied by the development of nanostructures that can be
3
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3 µm
200 nm
Figure 5. Scanning electron micrograph taken with ×10k
magnification and atomic force microscopy image (5 µm × 5 µm
scan) of the surface of a Ge76Mn24 film thermally annealed at
500 ◦C. Under these conditions, the development of nanoparticles
(typically, ∼150–400 nm large and ∼40–65 nm high) homogenously
distributed on the surface of the films is evident.
Ge crystallites and/or MnGe-based clusters (like the Mn5Ge3
germanide phase, for instance). These nanostructures are
homogeneously distributed along the surface of the films and
have been investigated by microscopy techniques. Figure 5,
for example, shows the SEM and AFM images of the Ge76Mn24
film after annealing at 500 ◦C. A detailed analysis of the SEM
and AFM images of the present Ge100−xMnx samples indi-
cate that the observed nanostructures exhibit diameters in the
∼150–400 nm range and are ∼40–65 nm high. In fact, the very
small dimensions of these structures allied to the instrumen-
tal resolution of our experimental facilities prevent us from
determining their exact composition. Despite this limitation,
and based on the XRD and Raman results, these nanoparticles
should be Ge nanocrystals or MnGe-based clusters. Further-
more, this assignment is corroborated by the following aspects:
(a) the development of Ge nanocrystals and MnGe-based clus-
ters is consistent with the thermal annealing procedure and
diffusion of metal atoms in the Ge network [21], (b) both
the density and the typical size of the observed nanostructures
increase with increasing Mn concentration and temperature of
thermal treatment and (c) there is no evidence of nanostruc-
tures on the surface of the Mn-free and Mn-containing films
before crystallization.
In addition to the structural and morphological
investigation, the present Ge100−xMnx samples have their
optical properties considered. Towards this end, the films
deposited on quartz were submitted to optical transmission
measurements in the ∼1200–2200 nm wavelength region
(near-infrared NIR range). Figure 6 shows the optical
transmission spectra of some of the investigated Ge100−xMnx
samples, as-deposited. The effect of thermal annealing on the
optical properties of films containing different amounts of Mn
is also shown in the inset of figure 6. In this case, the optical
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Figure 6. Optical transmission spectra in the 1200–2200 nm
wavelength range of as-deposited Ge100−xMnx films (Mn-free, and
with [Mn] = 0.3, 3.7 and 24.0 at%). The inset shows the optical
transmission at the (arbitrarily chosen) wavelength of 2100 nm as a
function of the Mn content for the as-deposited and thermally
annealed up to 400 and 500 ◦C films. The lines in the inset are just
guides to the eye.
transmission at 2100 nm of all samples (Mn-free, and with 0.1,
0.3, 1.2, 3.7, 15.4 and 24.0 at% of Mn), as-deposited and after
annealing at 400 and 500 ◦C are displayed. It is clear from
figure 6, that besides the interference fringes due to the film–
substrate interface [22], there is a considerable transmission
decrease at increasing Mn concentrations. This is typical of
heavily-doped semiconductor compounds and occurs because
of extrinsic and/or free-carrier absorption processes associated
with the presence of Mn [23, 24]. Whereas there is a systematic
reduction in the transmission of the films with increasing
amounts of Mn, another two aspects are remarkable in the
inset of figure 6: as the thermal annealing advances, there is
a substantial improvement in the optical transmission of all
films with [Mn] < 10 at%, and very small Mn concentration,
i.e. ∼0.1 at% in this study, seems to augment the transparency
of the films. In both cases, the phenomena are associated with
small changes in the atomic structure of the amorphous films,
with the consequent suppression of band-tail (or defect) states
which are responsible for the optical absorption processes
[25, 26].
Further processing of the optical transmission spectra
can provide the E04 optical bandgap (energy at which the
absorption coefficient is 104 cm−1) [26], and are displayed in
figure 7 for as-deposited and thermally annealed Ge100−xMnx
films. Figure 7 shows the effect that both the Mn incorporation
and the thermal annealing treatments have on the E04 optical
bandgap, which can be summarized as (a) up to [Mn] ∼
0.3 at% (doping level) the optical absorption is comparable
to that exhibited by pure a-Ge, (b) under the alloying regime
([Mn]  1 at%) E04 decreases with increasing Mn content,
until it cannot be detected in the 1200–2200 nm wavelength
range for samples with [Mn] = 15.7 and 24.0 at% and (c)
E04 tends to improve after thermal annealing at increasing
temperatures. Accordingly, the E04 optical bandgap of all
Ge100−xMnx films is smaller than that typically observed in
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Figure 7. E04 optical bandgap as a function of the Mn concentration
for as-deposited, and thermally annealed (up to 400 and 500 ◦C)
Ge100−xMnx films. The E04 optical bandgap corresponding to
crystalline germanium (c-Ge) is also displayed for comparison
purposes. For films with [Mn] = 15.4 and 24.0 at%, the optical
bandgap is not shown due to their very low optical transmission in
the measured range. The lines are just guides to the eye.
crystalline Ge—not influenced by the presence of foreign
species and/or structural defects.
Finally, it is worth noting that preliminary magnetization
measurements indicate some magnetic activity in the studied
Ge100−xMnx samples. At present, only the samples containing
3.7 and 24.0 at% of Mn, and thermally annealed up to 400 ◦C,
have been characterized. At these Mn concentrations it is
apparent that magnetization develops at low temperatures of
measurement which, coherently, is higher for the Mn-rich
sample. A small, but measurable, hysteresis loop has also been
observed at 2 K in the film with [Mn] = 3.7 at%, suggesting
the potential of the present Ge100−xMnx films for magnetic
applications. The systematic study of the magnetic properties
of the samples under consideration is under way and will be
the subject of a future communication.
4. Concluding remarks
This work presents a comprehensive investigation of sputter
deposited Ge100−xMnx films with manganese in the 0 
x  24 at% concentration range. Their structure, surface
morphology, and optical properties have been investigated
by XRD, Raman scattering, SEM and AFM techniques and
optical transmission measurements. A detailed analysis of the
experimental data allowed us to conclude that (1) the Mn atoms
were successfully incorporated into the amorphous Ge matrix
and induced the (low-) temperature crystallization of the films,
which is dependent on the Mn concentration, (2) the combined
use of x-ray diffraction and Raman scattering techniques
thoroughly addressed their structural characteristics as well
as revealed the presence of the germanide Mn5Ge3 phase,
(3) the crystallization of the films is accompanied by the
development of nanostructures (Ge nanocrystals and/or MnGe-
based clusters) which are, on average, ∼50 nm high and
∼250 nm large, (4) the optical bandgap, and transmission, of
the Ge100−xMnx films decrease with increasing Mn content
and (5) thermal annealing treatments are responsible not only
for crystallization, the development of nanostructures and the
improvement of the optical properties of the films but also
prompt the magnetic activity of the Ge100−xMnx samples. In
view of these facts, we believe that the present contribution
adds relevant and original information to further understand
and develop the properties of Ge100−xMnx films, which are
promising candidates to exhibit magnetic properties.
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